Herein, shape-tailored indium nanotriangles and nanowires were synthesized via a modified polyol reduction method. These nanoparticles exhibit local surface plasmon resonance in UV regions, near 345 nm for nanowires and 336 nm for nanotriangles. In this study, we report surface enhanced Raman 
Introduction
Surface-enhanced Raman scattering (SERS) has emerged as an efficient technique for ultra-sensitive, non-destructive detection and analysis of low analyte concentrations as well as a single molecule.
1,2 SERS offers a highly attractive platform for various applications in chemical and biological sensing and molecular imaging. SERS substrates comprising nanoscale metal structures, called plasmonic nanoantennas, have unique ability to conne light below the sub-wavelength dimension. 3, 4 The optical properties have been characterized via excitation of the plasmons, which are coherent collective oscillation of free surface electrons, termed as localized surface plasmon resonance (LSPR) in distinct dipolar and multipolar modes. The LSPR can be physically manifested as strong absorption, scattering, and enhanced electric eld intensity in the near-eld regime and nanogaps between metallic nanostructures. 5 The enhancement of the electromagnetic (EM) eld at the metal nanoparticle surface or gaps due to the excitation of LSPRs is considered to be the dominant enhancement mechanism for SERS. 6 The connement of the EM eld in the nanoscale gaps between adjacent particles results in the extraordinary enhancement of the electromagnetic eld, termed as electromagnetic hotspots. These hotspots, typically produced by nanoparticle assembly or aggregates, serve as platforms for large SERS enhancement. 7 The molecules in the close proximity of the metal nanostructures or those located within these hotspots experience an increased EM near-eld and therefore more efficiently scatter. In recent years, extensive research has been carried out on the design and fabrication of reliable SERS substrates exhibiting higher enhancements and repeatability for quantitative and real-time applications.
To date, SERS studies have been actively explored for noble metals, such as gold (Au) and silver (Ag), of different sizes and shapes, and they exhibit strong and tunable LSPR frequency in visible-near infrared region of the electromagnetic spectrum. Boca-Farcau et al. 8 and Wu et al. 9 reported the synthesis and plasmonic properties of triangular silver. The observed plasmon bands were broad with distinct in-plane dipole, quadrupole, and out-plane quadrupole resonant modes, depicting tunability of SPR throughout the visible and near-infrared region via their shape and size. The silver nanotriangles, with the edge lengths varying from 108 to 133 nm, as SERS substrates were used for the multimodal detection and targeted photothermal treatment of human ovarian cancer cells. The anisotropic shape of the nanotriangles boosts the ultrasensitive SERS detection and selectivity due to stronger localization of the electromagnetic eld at the tips or corners than at the nanoparticle surface, thereby leading to larger enhancement factor. tuneable LSPR band from visible to near-infrared region produced promising SERS activity.
11
An average SERS enhancement factor of 10 5 to 10 7 for various anisotropic Au and Ag nanoparticles has been reported. 12 However, Au and Ag do not support good LSPRs in the ultra-violet (UV) and deep-ultra violet (DUV) regions. Thus, there is signicant interest towards the exploration of the plasmonic properties of a wide range of nanostructured materials which provide accessibility in the UV-DUV region as well. 13 The interest in UV plasmonics is rapidly increasing in response to the detection of organic and bio-molecules such as protein and DNA having strong absorption in UV, biological imaging, and UV-DUV SERS.
14 To date, aluminium (Al) and palladium (Pd) have been reported as reliable materials that support effective plasmonic response in the UV region, extended to NIR. [15] [16] [17] [18] [19] [20] Recently, indium (In  0 ) substrates have been reported as a promising contrast agent, predominantly for spherical or grainy nanostructures, for metal-enhanced uorescence (MEF) as well as SERS supporting active surface plasmons at UV-DUV frequencies with low absorption losses as compared to aluminium. [21] [22] [23] However, the plasmonic response and Raman scattering of indium nanoparticles have also been reported to extend to the visible region. 24, 25 Furthermore, indium nanoparticles have promising applications in catalysis, electronics, and solar cells.
26
The template synthesis of size and shape-manipulated metal nanocrystals has attracted signicant attention because of the distinctive size and shape-dependent optoelectronic properties as well as larger local-eld enhancements of these nanocrystals. The LSPR frequency of metal nanoparticles (MNPs) can be further tuned via signicant control and alteration of size, local curvatures, composition, and surrounding medium. In fact, more recently, optimization of the SERS responses has been based not only on the intrinsic nanoparticle surface plasmons, but also on the local eld hotspots driven by surface roughness, aggregated metallic NPs or nanoparticles with sharp features. 27 Thus, exploration of the characteristics of size and shape-dependent SERS activity of indium nanoparticles can signicantly contribute in the elds of chemical and biological sensing with tunable plasmonic response extended to the visible region. To date, nanocrystalline In 0 with a spherical shape has been synthesized using various physical as well as chemical methods including ultrasonication, laser ablation, thermal decomposition of organometallic precursors, and reduction with sodium metal or alkalides/electrides.
28-32
The synthesis of In 0 usually involves multistep procedures, and phase-transfer reactions makes it more challenging. Moreover, it includes the elimination of moisture and oxygen due to its highly reactive nature. 
33,34
However, only limited studies have been reported on the optical properties of nanoscale indium as well as its applications as an agent for SERS. To date, resonant SERS with 266 nm UV excitation has been reported with an enhancement factor of 10 2 for adenine molecules deposited on indium-coated fused silica glass substrates prepared with controlled thickness. 34 Resonant UV excitation leads to higher molecular specicity and ultra-sensitive detection of important biomolecules, nucleotides, and aromatic amino acid residues due to separation of Raman bands from native uorescence as well as resonant Raman effect. This is because most of these molecules have their absorption bands in the UV region, extending 10 8 
Synthesis of the In 0 nanoparticles
Shape and size-tailored synthesis of In 0 nanoparticles were achieved following a modied adaptation of the procedure reported by Chou and co-workers. 35 All syntheses were performed at room temperature under dynamic nitrogen purging. The In 0 nanoparticles were synthesized via the dropwise addition of NaBH 4 solution in TEG (Solution 1) to InCl 3 and PVP solution in EG (Solution 2). Solution 1 was prepared by dissolving NaBH 4 (0.05 g) in 5 mL TEG. Solution 2 was prepared by dissolving InCl 3 (0.02 g) and PVP (0.2 g, MW ¼ 40 000 g mol À1 ) in 20 mL of EG. Aer dynamic purging of solution 2 with N 2 for 30 min, addition of solution 2 was commenced. The solution was stirred till no visual transformation was observed. Upon conclusion of the reaction, the precipitate was separated via centrifugation and washed several times with ethanol. The isolated product was easily dispersible in water and ethanol.
SERS substrate preparation
The commercially available thin cover slips (22 mm Â 22 mm) were ultrasonically cleaned with ethanol and water and dried prior to use. Thereaer, the glass substrate was immersed in a 3 : 1 piranha solution ((v/v) concentrated sulphuric acid: 30% hydrogen peroxide) for 30 min to hydroxylate the surface. The substrate was rinsed with water and coated with organosilane by immersing the glass substrate in a 2% 3-aminopropyltrimethoxysilane (APTMS)-ethanol solution for 24 h. APTMS ctionalization of the cover-slip ensures uniform adhesion, forming 2-D self-assembly of the metal nanoparticles. The APTMS-functionalised glass slips were then immersed in concentrated solutions of indium nanowires and nanotriangles for 24 h at room temperature in an inert environment for assembling the nanoparticles. The substrate was carefully rinsed with ethanol and properly dried prior to use. The SERS substrate was prepared by drop casting 10 mL of tryptophan molecules (10 À7 M) on the indium nanoparticles immobilized on a glass substrate and le for incubation for 1 h. The pH of the solution was adjusted to 7.4 to ensure complete dissolution of tryptophan for SERS measurement at neutral pH.
Characterization UV-vis spectroscopy measurement was carried out via Perkin Elmer LAMBDA 35 spectrometer. Transmission electron microscopy (TEM) images and selected area electron diffraction (SAED) patterns were obtained using a FEI Technai G20 STwin microscope operating at 200 kV to investigate the morphological evolution of the nanoparticles. Thin lm X-ray diffraction patterns were obtained via Philips X'pert Pro diffractometer with a Cu-Ka source to determine the crystal structures. XPS spectra were obtained from thin lms of the samples using Specs Phobis with an Al-Ka source. Raman spectrum was obtained at room temperature via Renishaw inVia Raman spectrometer using the laser excitation wavelength of 632.8 nm.
Numerical simulations
FDTD is an efficient, powerful grid-based time domain numerical method that is employed to numerically solve the time-dependent Maxwell equations. The Maxwell equations are then discretized applying the central-difference approximations to the space-time partial derivatives, and the spatial distribution of the electromagnetic eld is simulated around the illuminated nanoparticles. The electric eld vector and magnetic eld vector components are solved at a given instant of time in a volume of space to evolve continuous steady state conditions of the EM eld covering a wide frequency range in a single simulation. The frequency-dependent complex dielectric function of indium was modelled using the Palik's dispersion model. 36 The background index was considered as 1.33 for water using a cubic Yee cell having PML boundaries for the simulated domain, and the eld was allowed to evolve for 500 fs. The mesh size was set at 1 nm for spacing around the nanowire and nanotriangles taking conformal variant 1 condition with an inter-particle gap of 5 nm. From the TEM analysis, we estimated an average gap of 5 AE 1 nm between triangular nanoparticles. Further, for a comparative study, the interparticle gap was kept at 5 nm for both triangular as well as nanowire nanoparticles. The inertparticle gap can, however, be varied to understand the strength/concentration of the electromagnetic eld generating hot-spots in the nanogaps. Dimensions for the nanowire were considered to be 30 nm Â 500 nm and the nanotriangle had the edge length of 70 nm. The simulations were carried out under Raman excitation at 633 nm wavelength using a plane wave source to obtain the electric-eld distribution.
Results and discussion
The kinetically manipulated size and shape-controlled formation of In 0 nanoparticles, synthesized through modied polyol method, could be conrmed from the transmission electron microscope (TEM) images, as shown in Fig. 1 . The TEM images of the samples synthesized by the slow addition of NaBH 4 /TEG solution, as shown in Fig. 1(a)-(d) , indicate the formation of In nanowires having 30-50 nm diameter and length 0.5-2 mm. The nanowires were synthesized in two steps by the addition of 0.2 mL of a reducing agent at the rate of 1 drop every 3 s for the rst ve drops, and aer a pause of nearly 60 s, the rest of the drops were added at the same rate (yield > 70%). In contrast, triangular nanoparticles with the edge length of 60 AE 8 nm (yield > 50%) were formed upon more rapid and continuous addition of 0.2 mL of the reducing agent (1 drop per s), as shown in with irregular size and morphologies were obtained when the addition rate of the reducing agent was not controlled (ESI, Fig. S1 †) . The slower addition of the reducing agent NaBH 4 during nucleation enables the initially generated seeds to grow into nanowires with slightly curved edges, as shown in the magnied TEM image in Fig. 1(d) . However, the addition of NaBH 4 at higher reduction rates leads to the faster consumption of InCl 3 as well as reduction of the seeds, generating triangular nanoparticles with straight edges and sharp corners, as represented in Fig. 1(h) . Thus, the shape evolution of the nanoparticles (wire and triangle) can be obtained by controlling the reduction kinetics in the presence of a capping agent. The addition of a reducing agent at an appropriate reduction rate could breakdown the thermodynamic connement, allowing the specic addition of atoms to the uncovered regions of a growing seed to maneuver the morphology taken by the metal nanocrystal.
37,38
The indium nanocrystals dispersed in ethanol were dropcast on a glass slide for X-ray diffraction (XRD) analysis to demonstrate the structure and growth direction of the In nanocrystals. The diffraction patterns of both the nanowires and nanotriangles show good agreement with the characteristic Bragg peaks of elemental indium with a tetragonal crystal structure (JCPDS card no. 050642), as shown in Fig. 2(a) and (b) , respectively. The good crystalline quality of the as-synthesized nanostructures was characterized by the sharp intensity and narrow line-width of the observed XRD peaks. The XRD diffractograms for both samples obtained under different conditions show preferred orientation for crystallographic growth, providing relevant evidence for the observed morphological control. The characteristic anisotropic growth can be further predicted from the relatively higher intensities of the 101, 110, and 211 peaks for the In nanowires and those of the 101, 002, and 211 peaks for the triangular In nanoparticles as compared to those of the irregularly-shaped particles that do not show these preferential growth directions (ESI, Fig. S2 †) . This was further supported by the selected area diffraction (SAED) patterns of the nanowires and nanotriangles with diffraction spots corresponding to the lattice planes of metallic In 0 with a tetragonal phase, as shown in Fig. 2(b) and (d), respectively. Overall, our results are in good agreement with those reported in literature, suggesting that growth of nuclei with optimization and control of reduction kinetics highly inuences the synthesis of size and shape tunable metallic nanostructures rather than the addition of different types or concentrations of surface stabilizers or additives that are typically used for synthesizing anisotropic nanocrystals.
39-42
The optical properties of the indium nanoparticles were studied via UV-visible spectroscopy. The In 0 nanoparticles exhibit surface plasmon resonance (SPR) over a wide wavelength range from DUV (200 nm) to visible (559 nm) regions.
24,43
Fig . 3(a) and (b) presents the absorption spectra of the In 0 nanowires and nanotriangles dispersed in ethanol, respectively. The optical density spectrum displays typical absorption maximum near 345 nm for nanowires and 336 nm for nanotriangles, which matches well with the reported SPR band for the In nanostructures. 24, 35 The identical surface coatings and solvent allows a direct comparison of the optical properties and plasmon resonance of the obtained anisotropic indium nanoparticles. The UV-visible spectra demonstrate an evident size and shape-dependent shi of the SPR wavelength of In 0 particles as known for Au and Ag nanoparticles. 44 However, 1-D nanostructures, such as nanowires, have been reported to display SPR with distinctive transverse and longitudinal resonance modes. 45 The transverse and longitudinal response is sensitive and signicantly inuenced by the orientation and aspect ratio of the nanowires. TEM images clearly feature In nanowires with varied aspect ratios oriented in different directions resulting in a single and broad UV absorption peak. Moreover, the coupling of plasmon modes due to the presence of nanoparticle clusters or closely spaced nanostructures leads to the observed broadening of the absorption spectrum. 46 Further, both absorption spectra display a noticeable optical density in the longer wavelength red region, corresponding to the laser wavelength (633 nm) used for Raman measurements. This broad and extended absorption in the red region typically results either from a small portion of relatively larger nanoparticles or from nanoparticle aggregates, consistent with the TEM results showing the presence of both smaller and larger nanocrystals. The UV-visible spectra clearly depict tunable SPR from indium nanoparticles that can be achieved through size and shape modications of the anisotropic nanoparticles as in the case of noble metal nanoparticles.
The chemical state of elements in the as-prepared In 0 nanoparticles was investigated via XPS analysis. The indium 3d core level spectra of wire-and triangular-shaped nanoparticles resolved into spin-orbit doublets 3d 5/2 and 3d 3/2 are shown in Fig. 4(a) and (b) . In both spectra, the two peaks located at 443.6 eV and 451.2 eV correspond to the characteristic binding energies of metallic indium. 47 Moreover, the spectra of both samples appear nearly identical, indicating that both samples comprise indium with identical nature.
The SERS activity of the shape-tailored indium nanoparticles was investigated with the prepared substrate for tryptophan as a model analyte. Tryptophan is an important amino acid that forms the molecular basis of proteins and enzymes and efficiently scatters under visible excitation. Thin lms of tryptophan (10 mL, 10 À7 M) on indium-coated substrates were prepared, as shown in the schematic in Fig. 5(a) . In addition, 10 mL of 1 mM tryptophan solution was deposited on a bare cover- Thus, the measured Raman signal strongly depends on various conformations and orientations of the molecular fragments on the surface. 49 In Fig. 5(c) , the measured Raman peak intensity of the strongest 1612 cm À1 line for varying concentrations of tryptophan is plotted for indium nanowire and nanotriangle substrates. It can be noticed that nanotriangles provide higher enhancement as compared to nanowires for all the concentrations of tryptophan. For quantitative estimation of the signal enhancement in the SERS, the baseline corrected and wellisolated peak with the maximum intensity at 1612 cm À1 was examined. The SERS enhancement was calculated according to the equation,
where I SERS is the intensity of the 1612 cm À1 Raman band for the SERS substrate and I Reference is the intensity of the same Raman band for the reference sample. The enhancement factors were obtained to be $1.1 Â 10 4 in the case of nanotriangle and $4.9 Â 10 3 in the case nanowire.
The magnitude of SERS intensity in a complex metal-molecule system depends on several parameters. Thus, the two most inuential factors dominating the SERS enhancement mechanism of an analyte are (i) the proximity of the molecule to the metallic surface and (ii) the density of the hotspots. 50 The distance dependence of the molecular bands from the active surface thereby yields complex Raman spectra of the target molecule. Real-time experiments preclude contributions of size, shape, orientation, and distribution of the metal nanoparticles on the substrate as well as random distance of the analyte from the metal surface. Moreover, the particle size and morphology, as observed from the TEM images, can expand the LSPR wavelength range, as evident from the absorption spectra. The precise control over particle size and morphology allows tuning of the LSPR peak wavelength and optimization of the SERS enhancement factor. The optical properties of the metal nanostructures are highly sensitive to their shape than to their size, and the complex nanostructures usually have multiple nondegenerated dipole modes, resulting in red-shied broad plasmon absorption spectra. In addition, for larger particles such as nanotriangles with larger edge-lengths or nanowires with larger diameters, the scattering cross-section increases and the LSPR resonances are red-shied. Thus, upon excitation at different laser wavelengths, different morphologies would result in different SERS enhancement factors. Reports on Ag and Au nanotriangles clearly demonstrate that the magnitude of SERS enhancement increases with the shape of the asymmetrical nanostructures with an enhancement factor of the order of $10 7 .
51,52
Upon near resonant excitation closer to the SPR peak wavelength, much higher amplication of the electric eld can be obtained, leading to higher magnitude of the SERS enhancement factor as compared to non-resonant excitation. However, formation of nanoparticle assembly or coupling of particles with increased local curvatures such as sharp tips or corners (see ESI, Fig. S3 †) generates hot junctions of localized electromagnetic elds that can lead to many-fold increment of SERS enhancement and molecular specicity, referred to as the lightning rod effect. 53 Moreover, in the experiments, the SERS enhancement is observed to be independent of the plasmon resonances, matching exactly the excitation or scattering wavelengths. Several reports of optimised processes using metal nanoparticles and nanostructured substrates clearly indicate that the strong SERS effect is not governed singly by the intrinsic SPR response of the material, but is rather dominated by the hot spots, particularly for complex geometries. 54 Generally, the extinction spectra of the synthesized nanoparticles dispersed in a solvent display an isolated plasmon peak in response to overall contributions from all the nanostructures. However, the hot spots can be simply generated via the coupling of nanoparticles, which generate strong electrical elds in response to the induced plasmon resonances transmitting on the entire indium-coated substrates. Consequently, the plasmon resonance absorption corresponding to the nanoparticles arranged in lm geometries is broad and thus can utilise longer excitation wavelengths for an efficient non-resonant Raman effect.
Simulations based on three-dimensional nite-difference time-domain (FDTD) method were carried out to further comprehend the effect of electromagnetic eld intensity distribution on the SERS enhancement and correlate the experimental results. For quantitative understanding, we calculated the EM eld generated around both the In nanoparticle geometries with a plane wave at Raman excitation wavelength 633 nm and polarization parallel to the substrate. The electrical eld contours for the In nanowire and nanotriangle arranged in monomer and different dimer congurations with water as the background medium are shown in Fig. 6(a) and (b) , respectively. The spatial eld intensity maps clearly show that the electric eld is signicantly localized at the vertices or corners of the plasmonic nanostructures, generating amplied EM eld in their near regions even for excitation far from the LSPR wavelength. The local electric eld connement and amplication around anisotropic metallic nanostructures is strongly dependent on the shape of the metal particle, both through the effectiveness of shape tunable excitation of the LSPR frequency and the lightening rod effect. 55 Albeit the lightening rod effect is a geometrical phenomenon, it can result in larger near-electric eld localization for the nanoparticles with the sharpest surface features such as sharp edges or corners. 56 The maximum calculated local electric eld |E| 2 values of $52 and $90 were respectively achieved for nanowire and nanotriangle monomer particles and are shown as bright spots localized at the top edges. Further, the calculated |E| 2 values for the dimer geometries of nanowire and nanotriangle along a xed polarization axis are shown in Fig. 6 (a) and (b), respectively. It is clearly evident from these results that the |E| 2 factor multiplies to approximately 3-fold in the case of a nanowire and 5-fold in case of a nanotriangle for a dimer conguration; hence, larger enhancements are expected for bigger ensembles of In NPs. Since in the case of SERS, the intensity enhancement factor (EF) scales with |E| 4 , the maximum calculated EF could be estimated to be of the order of $10 5 in the case of a nanotriangle and $10 4 in the case of a nanowire, which can elevate further for larger ensembles of particles. Similar SERS enhancement factor is also reported for aluminium nanoparticles with various morphological alterations, such as sharp metallic tips, bow ties, and nanovoids, mostly under UV-DUV excitation. 16, 18, 49 The large EM eld enhancements are credited to the ability of metal NP dimers and aggregates to conne incident light around themselves and in the nanoscale gaps between them, resulting into hot junctions, clearly evident from the simulated images of the spatial near-eld intensity maps. 57 However, this large enhancement of the tip or corner located EM eld would be limited to highly localized areas and mostly occur in the gaps between nanoparticle arrays. The majority of the Raman signal is expected to originate from the molecules adsorbed on the top surface of the nanoparticles rather than the very small number of molecules located in these dense hot spots. Since the top surface accounts for a very small area of the nanoparticles, the average enhancement factor experimentally obtained was $10 3 for a nanotriangle and $10 2 for a nanowire. The sharp tips of the triangular nanoparticle contribute signicantly towards larger eld enhancement as compared to the corners in the nanowires, thereby leading to the observed higher Raman intensity for the In nanotriangle SERS substrate. 19 Moreover, the colloidal suspension, comprising nanoparticle mixtures with varying degrees of tip truncation in the case of nanotriangles and rounding of corners for nanowires, further limits the maximum eld enhancement around the nanoparticles. In addition, indium nanoparticles form oxide layer upon exposure to air, resulting in rounding of the sharp curvatures, thereby reducing its effectiveness and limiting the enhancement. The experimentally observed lower enhancement factor may be due to difference between the nanoparticle parameters used for simulation and actual parameters of the selfassembled nanoparticles in lm geometry. However, the simulation results provide an understanding of the shape-dependent near-eld enhancement of indium nanoparticles and observed non-resonant SERS enhancement.
Conclusions
In conclusion, we demonstrated indium as an efficient plasmonic active material for the shape-controlled SERS activity for tryptophan molecules under non-resonant condition. The SERS activity for indium nanotriangle and nanowire nanoparticles, synthesized via a controlled borohydride reduction method, was examined and found to be highly sensitive to the shape of the metal nanostructures. The average enhancement factor obtained from the tryptophan lms deposited on the indiumcoated substrates was $10 3 for the nanotriangle and $10 2 for the nanowire. The enhancement in the SERS signal can be attributed to the increased EM near-eld around the nanoparticles that is strongly inuenced by the sharp tips and edges of the indium nanostructures. The highly curved surface features can lead to enormous enhancement of the incident electric eld localized at the tips or corners and their interparticle gaps, creating hot spots. The density and localization of these hot spots region rather than the intrinsic LSPR response enhances and dominates the Raman signal from the molecules adsorbed in these junctions, even under non-resonant excitation. These results demonstrate that the anisotropic particles with sharp tips and corners could be the suitable substrate for achieving large SERS enhancement. FDTD simulations clearly display enhancement of the near-eld highly localized at the tips or corners and in the interparticle gaps, and the results agree well with the experimentally obtained shape-dependent SERS activity of the indium nanotriangle and nanowire. Further optimization of In nanoparticles with sharp tips or branching morphology and resonant SERS study under UV-DUV excitation can lead to even higher order of enhancements. Thus, facile synthesis combined with highly reproducible SERS enhancements make indium an attractive as well as a promising alternate candidate as an efficient SERS substrate for ultralow molecular detection.
